Introduction Substrate-based radiofrequency ablation for treatment of atrial fibrillation (AF) is still under development. The purpose of this study was to investigate the different characteristics and distribution of complex fractionated atrial electrograms (CFAE) in both atria in patients with paroxysmal and persistent AF.
Introduction
Radiofrequency ablation has become the method of choice to treat selected patients with drug-resistant atrial fibrillation (AF). The two main strategies for AF ablation are trigger-based and substrate-based ablation. Trigger-based ablation is the more commonly used method and includes pulmonary vein (PV) isolation [1] , PV antrum isolation [2] , and circumferential ablation around the PVs [3] . In substrate-based ablation, areas assumed to be responsible for the perpetuation of AF are localized and ablated. These areas may be identified either by mapping the atria during sinus rhythm [4] or by searching for complex fractionated atrial electrograms (CFAE) during AF [5] [6] [7] [8] . A combination of the two strategies has also been proposed [9] [10] [11] [12] . Diverging results have been revealed in these clinical studies, and the significance of CFAE is not fully understood. Regions with CFAEs may differ from patient to patient, but the spatial and temporal stability of the electrograms is relatively high [13, 14] . Distinct atrial activation patterns during AF cause different appearances of atrial electrograms [15] , several of which might be interpreted as CFAEs. The distribution of the different CFAEs in patients with paroxysmal AF and persistent AF is still unclear. The objectives of this study were to investigate the characteristics and distribution of different CFAEs in both atria in patients with paroxysmal and persistent AF.
Methods

Patient population
Twenty patients with paroxysmal (ten) or persistent (ten, including six longstanding persistent) AF referred for ablation were included in the study. Demographics are shown in Table 1 . In the paroxysmal AF group, three patients suffered from coronary artery disease. The persistent AF group included two patients with cardiomyopathy (one dilated and one assumed to be tachycardiomyopathy).
Electrophysiological study and definitions
All patients underwent CFAE mapping during AF, utilizing a mapping tool provided by EnSite® NavX™ (complex fractionated electrogram (CFE) mapping tool, St. Jude Medical, St. Paul, MN, USA). Mapping was performed during spontaneous or induced (seven patients in paroxysmal group) sustained AF. All patients with induced AF kept this rhythm during the entire mapping period. Threedimensional reconstructions were made, and global CFAE maps were generated in the left and right atria (LA and RA) and the coronary sinus (CS). Electrograms were sampled for 8 s at all sites. All signals were recorded from a 3.5-mm irrigated ablation catheter and digitally filtered with a bandpass filter of 32 to 100 Hz. An additional noise filter was switched on if necessary. At each site, the automated NavX algorithm calculates "CFE mean," which is the average time interval (in millisecond) between consecutive deflections during each sampling period. A stable catheter position and good tissue contact was confirmed during CFAE mapping. If the catheter moved, or if poor tissue contact was suspected, the recording was excluded. After each procedure, the recording was visually inspected and interpreted. Based on the original criteria given by Nademanee et al. [5, 8] , CFAEs were classified into different subgroups on the basis of their signal characteristics. The CFAE was defined as a fractionated electrogram comprising more than two deflections of a prolonged activation complex over an 8-s recording period, either with perturbation of the baseline ("continuous CFAE") or with a relatively clear baseline between electrograms with a very short cycle length ≤120 ms ("fragmented CFAE"). Electrograms representing a combination of these two characteristics were defined as "mixed CFAEs" (Fig. 1) . If electrograms alternated between CFAE and non-CFAE during the mapping period, the recording was defined as "intermittent CFAE" and was not considered to be a true CFAE. Electrograms with voltage amplitudes >0.5 mV during AF were defined as high-voltage signals, based on default value set by the system. For the purpose of localizing CFAEs, the atria were divided into the anatomical regions as shown in Fig. 2 . Three patients (two with paroxysmal and one with persistent AF) had a common ostium of the left PVs. In those cases, the superior parts of the common ostium were considered as left superior PV and the inferior parts as left inferior PV. 
Results
There were no statistical significant differences between the paroxysmal and persistent AF patients regarding age, gender, history of AF, left atrial size, left ventricular ejection fraction, and number of failed antiarrhythmic drugs (Table 1) . Both groups had similar proportions of patients with structural heart disease. A total of 2,827 electrograms were recorded and analyzed off-line. Table 2 
Signal amplitude
Of the total interpreted CFAEs, 41% were detected as highvoltage electrograms. Fragmented CFAEs were more likely (67%) and continuous CFAEs were less likely (35%, p< 0.05 compared to fragmented) to be interpreted as highvoltage signals. High-voltage recordings were observed in 51% of the mixed CFAE (p<0.05, compared to both fragmented and continuous CFAEs). CFAEs in all recordings was 48%. There were statistically significant more CFAEs (percentages of electrograms recorded in each region) in the CS (85%), anterior LA (58%), posterior mitral isthmus (69%), LA roof (70%), and left septum (76%) than the average proportion of all other regions, p<0.05. Apart from the septum (66%), p<0.05 vs. average, statistically significant fewer CFAEs were recorded in the RA (30%, p<0.05 vs. average).
Regional distributions of CFAE
Patients with persistent AF had a significantly higher proportion of CFAEs in both LA and RA compared to paroxysmal AF (Table 3 ). There were no differences between the two groups as far as CFAE distribution in the PVs, CS, caval veins, or in the left and right auricle was concerned. In comparison with patients with paroxysmal AF, those with persistent AF had more CFAEs in the anterior part and the roof of LA, in the lateral part of the RA, and the orifice of the right atrial auricle. No difference was demonstrated with respect to distribution of various types of CFAEs (Table 3) . There was a tendency that more CFAEs could be classified as fragmented in regions with a lower total proportion of CFAEs (caval veins, left and right atrial auricles), but this was not statistically significant (Table 3 ).
CFE mean
The CFE mean was averaged 92 ± 62 ms over all registrations. CFE mean values at different locations are shown in Table 3 . There were no differences between paroxysmal (91±43 ms) and persistent (94±75 ms, p>0.05 vs. paroxysmal) AF patients. In paroxysmal AF, CFE mean value was generally shorter in the PVs compared to persistent AF patients (p<0.05). In the RA, there was a higher CFE mean value in paroxysmal AF patients (p< 0.05), but no difference was found in the LA. In general, the average CFE mean was shorter in areas with a high proportion of CFAE. Figure 2 shows a close similarity between the percentage of CFAEs and the average CFE mean value in both the veins and the atria. Table 4 shows the average CFE mean in different types of CFAEs. Continuous CFAEs reveal the shortest CFE mean, and the values lengthen from mixed, fragmented, and intermittent CFAE to non-CFAE (p<0.05). Recordings with non-CFAE and intermittent CFAE characteristics had a substantially longer average CFE mean than those with fragmented, continuous, and mixed CFAEs (p<0.01). More than 80% of all CFAE signals had a CFE mean value of less than 80 ms. The sites least in agreement with this were at the bases of auricles and terminal crest, where high-voltage electrograms were usually recorded. Consistent with previous studies, there were more CFAEs in the LA and CS [13, 16] . Stiles et al. recently described similar findings in a comparable patient group. They also revealed a spatial relationship between CFAE and dominant frequency [17, 18] . Previous studies have pointed out the atrial septum, LA roof, posterior LA, mitral annulus, base of the left auricle, and the PVs as the most likely sites for CFAEs [5] [6] [7] . Our study also revealed significantly more CFAEs in the roof and anterior region of LA and more widely spread CFAE in the RA in persistent AF patients, compared to patients with paroxysmal AF. This observation suggests that AF may be a two-chamber disease in persistent AF patients. A recent study showed that sinus rhythm was restored by RA ablation in about 15% of patients with persistent AF, supporting this finding [19] . However, another study suggested that CFAEs in RA were "bystanders" without clinical importance [6] . Therefore, the CFAEs in the LA may play a more important role in perpetuation of AF based on clinical ablation results.
Clinical studies demonstrate poor results after triggerbased ablation on patients with persistent AF [20] , and extensive ablation is required to obtain sinus rhythm [9] . The strategy of CFAE ablation is based on the hypothesis that the areas with CAFE are essential for perpetuation of AF [5] . Although the mechanisms involved are still not fully understood, recent evidence connects CFAE to areas with a known pathophysiological substrate for the perpetuation of AF. Liu et al. revealed increased fibrosis in CFAE sites compared with non-CFAE sites [21] . Our study demonstrated that patients with persistent AF have more CFAEs than paroxysmal AF patients. The remodeling process with increased fibrosis as a result of long-lasting AF probably relates to the creation of CFAE. Lin et al. demonstrated an association between CFAEs and ganglionated plexi in an animal model, suggesting mechanisms of the autonomic nervous system may play a role in formation of CFAEs [22] , which was supported by other studies [23, 24] .
In a study on atrial electrograms during induced AF, Konings et al. [15] classified the signals into four different categories: single deflections, short doubles, long doubles, and fragmented (different from our definition in this paper) signals. They demonstrated that these signals indicated different conduction patterns through the atrial myocardium. In the present study, we classify two main types of fractionated atrial electrograms: fragmented and continuous CFAEs. The fragmented CFAE might correspond to single deflections as described by Konings et al., indicating local conduction delay and may relate to atrial microfibrosis. The continuous CFAE demonstrated as incessant perturbation of baseline accounts for the areas of slow conduction or pivot points of activation. In the present study, patients with persistent AF demonstrated more continuous CFAEs than those with paroxysmal AF, consistent with a previous study by Tada et al. [25] . Persistent AF patients also displayed a lower proportion of high-amplitude signals. Electrograms in CFAE areas have a lower voltage than those in non-CFAE areas [16] , suggesting that CFAE may be related to the formation of fibrous tissue. It has been suggested that CFAEs with very low amplitudes might be important for [27] . Continuous CFAEs with low amplitude might therefore be the best target for ablation of persistent AF. Intermittent CFAEs represent temporal variations as well as changes in spatial activation patterns during the sampling period. These electrograms were more often observed in paroxysmal AF, possibly indicating that fractionated/ irregular activity has a tendency to organize during AF. The less stable fractionated electrograms might also indicate a lower degree of atrial remodeling and less AF substrate in these patients. A less stable substrate for AF perpetuation might be the reason for the changing appearance of CFAEs during the 8-s recording period. Both mixed and intermittent CFAEs were more frequently seen in paroxysmal AF, suggesting lower temporal signal stability in these patients.
Different recording durations have been proposed for mapping of CFAE. Theoretically, better results can be obtained in detecting the CFAE using longer sampling durations. Eight seconds, which is the longest time offered by the system, was employed in this study. In our results, 18% of all electrograms analyzed had fractionated activity for only a limited time (intermittent CFAEs) during the 8-s recording period. These intermittent signals displayed a statistically significant higher CFE mean than real CFAEs in our study. A shorter sampling duration might have confounded this differentiation. Stiles et al. suggest that the minimum sampling duration for accurate analysis of CFAE should be 5 s [17] , utilizing the same software algorithm as employed in our study. Another system available for CFAE mapping has been employed in previous studies, in which a fixed recording time of 2.5 s was used for CFAE detection [11] . The various algorithms and various sampling durations employed make it difficult to compare the data from different studies. It is noteworthy that the CFE mean is different from the cycle length routinely employed in electrophysiological studies. For this reason, a value of ≤80 ms (shorter than 120 ms) was used as a cut-off point in the automated algorithm. This enabled 83-89% of CFAEs to be well defined. At the sites with high-voltage signals, adjusting an additional noise filter would be necessary to improve CFAE detection.
Other studies have demonstrated a higher density of CFAE around the PVs in paroxysmal than in persistent AF patients [28, 29] . In our study, manual signal interpretation did not reveal this difference, although the average calculated CFE mean in the PVs was significantly shorter in paroxysmal than in persistent AF. We used the anatomical ostia to define the borders between the PVs/ auricles and the atria, with the result that the CFAEs located at the antra of the PVs and auricles were counted into the LA. This may explain the differences in the observations. The automated algorithm revealed a large difference in average CFE mean between real CFAEs and intermittent CFAEs. Differences in average CFE mean were also found in the three CFAE subgroups. CFE mean value might therefore be useful in interpreting the various CFAEs.
Study limitations
This is an observational study with a limited number of patients. The CFAEs were not targeted for ablation in all patients, so the clinical significance of these signals cannot be proven. Future clinical validation of the importance of different CFAEs should be an objective. Data on dominant frequency and detailed voltage measurements were not available from the system, and the criterion for high-voltage amplitude was chosen arbitrarily. This may limit the interpretation of the results.
Conclusions
CFAEs distribute in preferential areas and arrange in different patterns in both atria. Patients with persistent AF have more continuous fractionated electrograms and higher temporal signal stability than patients with paroxysmal AF.
